In this restricted space, the cell senses its environment, signals to its neighbors and exchanges cargo through exo-and endocytotic mechanisms. Ligands bind to receptors, ions flow across channel pores, and transmitters and metabolites are transported against concentration gradients. Receptors, ion channels, pumps and transporters are the molecular substrates of these biological processes and they constitute important targets for drug discovery. Total internal reflection fluorescence (TIRF) microscopy suppresses background from cell deeper layers and provides contrast for selectively imaging dynamic processes near the basal membrane of live-cells. The optical sectioning of TIRF is based on the excitation confinement of the evanescent wave generated at the glass/cell interface. How deep the excitation light actually penetrates the sample is difficult to know, making the quantitative interpretation of TIRF data problematic. Nevertheless, many applications like super-resolution microscopy, co-localization, FRET, near-membrane fluorescence recovery after photobleaching, uncaging or photo-activation/switching, as well as single-particle tracking require the quantitative interpretation of EW-excited images. Here, we review existing techniques for characterizing evanescent fields and we provide a roadmap for comparing TIRF data across images, experiments, and laboratories. (193 words) KEYWORDS: nanometer, near-field, fluorescence, excitation confinement, optical sectioning, near-membrane. Oheim et al. (2019) TIRF calibration arXiv -presubmission 3
Quantifying total internal reflection fluorescence
The purpose of TIRF is to selectively illuminate fluorophores that are right near a surface and not illuminate fluorophores that are further into the volume, above the surface. Major uses of TIRF include single-molecule detection (SMD) -e.g., for the localization-based super-resolution microscopies -as well as studies of cell-substrate contact region of living cells grown in culture. Typical biological applications are the investigation of cell adhesion sites, of the dynamics of membrane receptors, single-vesicle exo-and endocytosis or ER/plasma-membrane contact sites. The confinement of excitation light to a thin, near-interface layer results in background reduction and contrast enhancement.
Many TIRF applications require knowing the depth of the illuminated layer, e.g., for quantifying the motion of molecules or cellular organelles near the substrate. In principle, that depth can be calculated from the local refractive index (RI) of the medium (n 1 ) and the incidence angle of the illumination (θ) at a known wavelength (λ). But in practice, the actual depth is much less certain. The incident light is often not perfectly collimated but in a range of angles, which sets up a continuous range of penetration depths. Also, the optics used to guide the incident beam upon the sample itself scatters light, some of which enters the sample as propagating light, which does not decay exponentially with distance from the TIR surface. Another source of uncertainty in TIR depth is that the sample's refractive index is not known precisely, and it may contain non-homogeneities, producing scattering.
In this perspective article, we briefly recall the fundamentals of evanescent waves (EWs) prior to discussing the concepts, methods and difficulties of calibrating TIRF intensities. We suggest a protocol for TIRF image quantification to better control, compare and share results. Other aspects of TIRF and TIRF microscopy have been covered in a number of excellent reviews and tutorials [1; 2; 3; 4; 5; 6; 7; 8] .
How to 'see' EWs?
Light impinging at an interface between two media a having, respectively, RIs n 1 and n 3 with n 3 > n 1 is partially reflected and partially transmitted. Snell's and Fresnel's laws govern, respectively, the angles and intensities of the reflected and refracted beams. A discontinuity is observed at a very oblique angle, above the critical angle θ c = asin(n 1 /n 3 ) at which the reflected intensity becomes equivalent to that of the incident beam. Yet, there is light in the rarer medium (n 1 ), because energy and momentum conservation at the boundary prescribe a an intermediate layer having a RI n 2 and thickness d 2 is for the moment neglected.
the existence of a near field, skimming the surface. This evanescent (vanishing) wave
propagates on the surface (as does the refracted beam for θ = θ c ) but its intensity is decaying exponentially perpendicular to the surface. Typical decay lengths are a fraction of the wavelength and can be as small as the λ/5, depending on the angle of incidence, θ, Fig. 1A .
EWs are non-visible in the far field, but scattering or absorption couple out energy from the near field, measurable either as an intensity loss in the reflected beam ('attenuated'
or 'frustrated' TIR), or as fluorescence excitation in a thin boundary layer above the reflecting interface (TIRF). EW scattering at RI-discontinuities at or near the interface results in far-field light, too. In either case, the total intensity depends on how deep the EW reaches into the rare medium (n 1 ).
Another way to 'see' EWs is by their coupling to collective electron oscillations ('plasmons') in a thin metal film (n 2 , d 2 ) deposited on the glass. Momentum matching is only possible due to the foreshortening of the EW wave vector (wave-front squeezing) and it leads to a sharp decrease in the reflected intensity at the surface plasmon resonance (SPR)
angle, θ SPR > θ c . Changes in n 3 , e.g., by the binding of molecules to the surface, will shift θ SPR . This angle shift is the basis for SPR-based sensing, spectroscopy, and SPR microscopy of cell/substrate contact sites [9; 10; 11] .
( Figure 1 Light confinement by an evanescent wave close to here)
The theoretical framework
For a beam impinging from the left, the EW propagates along +x. Its intensity decays in axial (z-) direction, with -in theory -an exponential dependence, I(z;θ)
The distance over which the intensity drops to 1/e (37%) of its value at the interface (z = 0)
is called the 'penetration depth',
It depends on the excitation wavelength λ, the polar beam angle θ and the RIs, Fig. 1A . We here omitted possible intermediate layers (n j , d j ) [12; 13] . The penetration depth, δ, does neither depend on the polarization nor on the azimuthal angle φ of the incoming beam. On a plot of δ(θ) vs. θ, Fig. 1B , we recognize an asymptotic behavior, both for θ → θ c , for which δ diverges and becomes infinite (which is intuitive, because of the emergence of the transmitted, refracted beam for θ <θ c ), and for very large θ → π/2, for which δ(θ) Fig. 1C . For a given λ, higher-index substrates (n 3 ) or more grazing angles θ result in a better optical sectioning.
Many unknowns affect the true penetration depth
As there is a smooth intensity roll-off, the actual penetration depth is strictly defined only in relation to a certain signal-to-background or signal-to-noise level. For a mono-exponential, I(z) decays to <5% of I(0) over an axial distance of two penetration depths, z = 2δ. With some arbitrariness, one could thus take 2δ as the effective probe depth, because 5% is of the order of typical noise levels. Unfortunately, the question of how far excitation light reaches into the cell is more complicated, and it has been a matter of passionate debate (see, e.g., http://lists.umn.edu/cgi-bin/wa?A2=ind1011&L=confocalmicroscopy&D=0&P=18718). In practice, δ is only known within certain bounds, and often even the assumption of a singleexponential intensity decay does not hold. The reasons are the following: (i), whereas λ and n 3 are identified, neither n 1 nor θ are known with much precision.
For a biological cell, n 1 varies on a microscopic length-scale [14] modifying both θ c and δ, (ii), even with all parameters known, the calculated penetration depth is just that: theoretical, because microscope-and sample-generated non-evanescent light modifies the intensity decay that will no longer be a simple exponential. For prismless TIRF [15] several reports have shown that excitation light distribution is best described by the superposition of a rapidly decaying and a long-range component that is fairly independent of θ [16; 17; 18] .
The effect of this long-range component is paradoxical: while most of the excited fluorescence is due to EW-excitation for θ just above θ c , for very high incidence angles (that normally should produce better optical sectioning) non-evanescent light dominates.
(iii), background comes from stray excitation from inside the microscope objective and different optical surfaces [17] . In the critical illumination scheme used in multi-angle TIRF, any scatter on the scanning mirrors (or in any conjugate sample plane) is imaged into the sample plane, Figs. 2A and 2B, (a). Although this stray excitation can be quantitated [16; 17] such measurements are not routine; (iv), protein-rich adhesion sites or near-membrane organelles like lysosomes or dense-core granules have a higher RI than the surrounding cytoplasm. The spatial inhomogeneity in n 1 (x, y, z) does not only affect δ directly (eq.1), but it also produces nonevanescent light, Fig. 2B, panel (b) . Scattering occurs predominantly in forward direction, into angles close to the original propagation direction of the EW [17; 19; 20] . For even higher local RI ≥ n 1 , light can be refracted, generating intense beams in EW propagation direction, as observed in chromaffin cells packed with secretory granules [19] , Fig. 2B, (c) .
In view of these difficulties, authors and microscope manufacturers have resorted to calculating δ(θ) using eq. 
Azimuthal beam spinning does not improve axial confinement
At least for illumination non-homogeneities there is remedy. A straightforward solution is 2-photon EW excitation [20; 21; 22] . Another is azimuthal beam scanning [23; 24; 25] : as scattering is directional, varying the EW propagation direction scrambles both propagation and scattering directions and reduces the flare in any given direction, Fig. 2C . 'Spinning' TIRF (spTIRF) or incoherent ring illumination [26] reduces interference fringes and illumination non-uniformities but it does not change the problem of the presence of nonevanescent excitation light [17] as it only redistributes and equalizes intensities, Fig. 2C .
spTIRF is increasingly being used [17; 27; 28; 29; 30; 31; 32; 33; 34; 35] and commercial systems are available (e.g., from TILL: 'Polytrope' [36] , Leica [37] , Roperscientific iLas [34] ), however, the bulk of published TIRF images has been acquired with unidirectional illumination. [19; 38; 39; 40; 41; 42; 43; 44] . VA-TIRF relies on the precise knowledge of the shape of the axial intensity decay. Many studies assumed a monoexponential intensity decay [45; 46; 47; 48; 49] , which perhaps holds for prism-type TIRF but seems overly optimistic for objective-type TIRF [16; 17; 33] .
• TIRF-colocalization. Knowledge of the axial intensity decay is mandatory for multicolor excitation, Fig. 3B . As the penetration depth scales linearly with λ (eq.1), one can compensate the λ-dependence of δ by adjusting θ to maintain a constant probe volume in different color channels [34; 35; 50; 51] . The same applies to controls in TIR-FRET [31] with direct and FRET excitation of donor fluorescence.
• TIRF-FRAP [52] , Fig. 3C , uses the combination of localized EW-photobleaching and TIRF imaging of the fluorescence recovery after photobleaching to study nearinterface fluorophore mobility. The interpretation of FRAP data relies on the known probe volume. δ(θ) calibration is even more stringent for bleaching-or photoswitching-based axial super-resolution measurements based upon consecutive VA-TIRF imaging of deeper and fluorescence deletion in more proximal layers [53] .
Analogous arguments hold for TIRF photoactivation and photoswitching experiments, which include the growing group of PALM/STORM super-resolution studies, as well as optogenetic activation using EW-illumination [54] .
• TIR-FCS. TIRF correlation spectroscopy [55; 56; 57] follows the same principles as confocal-spot FCS but gains sensitivity and surface selectivity from the additional excitation confinement, particularly when combined with confocal-spot TIRF excitation [58; 59] .
• Even for less specialized TIRF applications a known penetration depth is a prerequisite for reproducibility and comparing data among experiments, laboratories and publications.
(figure 3 Quantitative uses of TIRF close to here)
In the sequel, we review techniques for measuring θ and then calibrating δ(θ) and we discuss their respective benefits and problems. We also comment on supercritical angle fluorescence (SAF) microscopy [60; 61] , or "evanescence in emission" [4; 62; 63] and how it can be used either as an axial nanoscale ruler [64; 65] or be combined with TIRF to achieve a better near-membrane confinement than obtained with TIRF alone [33] . Finally, we describe a simple yet effective way for calibrating the true optical sectioning of the microscope, based on the acquisition of combined TIRF and EPI z-image stacks of a thin 3-D sample of sub-diffraction beads embedded in a low-melting point agarose gel that mimics the refractive index of the cytoplasm [66] .
Measuring the polar beam angle
Most techniques for calibrating δ rely on determining θ and measuring the intensity 
and k is a constant (°/V) characteristic for the scanner used, and Uθ is the voltage applied to the polar axis of the scanner. 
Intensity-based measurements of evanescent-wave penetration depths
Once a look-up table for θ has been generated, we can adjust and estimate δ(θ). This z-stack of images can localize these beads with respect to the reflecting interface [66] .
Alternatively, point emitters can be fixed to the surface of an oblique microscope slide, Fig.   5B , [34] , a large convex [70] or concave lens [67] . Equivalently, one can use the contour of an index-matched dye-coated large-diameter fluorescent bead, or an unlabeled bead embedded in dye-containing medium [16] , Fig. 5C . An elegant variant is the use of a tilted fluorescently labeled microtubule [71] .
All the above test samples have in common the requirement for an evenly lit field of view (see [17] for the limits of this approximation) and they all need z-scans to locate the fluorophores with respect to the reflecting interface. This adds a complication for objectivetype TIRF as the reflected beam displaces laterally upon focusing (see above), and the zdependence of the PSF (detection volume) and z-dependent spherical aberrations require for a correction, see [71] and our calibration protocol, below.
b) Semi-infinite dye layers. Simpler is the use of VA-TIRF and a thick, d>>δ(θ),
homogenous fluorescent sample [20; 40] to estimate the effective penetration depth from the variation of the cumulative fluorescence, Fig. 5D . Assuming a two-component axial decay,
i.e., the sum of mono-exponentially decaying EW with a decay length δ(θ) and a long-range component with D >> δ [16; 18] we express the measured fluorescence as
Here, we assumed that D to be only slowly varying with θ and the offset b negligible. After integration over z in the bounds [0, ∞], eq.3 yields a linear dependence of the measured fluorescence on δ(θ),
because the second term is an angle-independent offset. If eq.4 is normalized for the θ- sampling the local EW intensity with a thinned optical fiber tip connected to a photodetector [73] , or by measuring the fluorescence generated by a sub-resolution fluorescent bead fixed at the tip of an AFM cantilever [74; 75; 76] or the tip of a micropipette [45] . Brutzer et al. 
Other descriptors than intensity
Until now, we have focused on techniques for calibrating the EW that relied on fluorescence intensity measurements from test samples having a known axial fluororphore profile.
However, other parameters of fluorescence can be used, too. (Fig. 6C) .
Fluorescence lifetime, τ is a measure of how long the molecule stays in the excited state after absorption of a photon. τ is one over the sum of the radiative and non-radiative decay rates. Fluorescence lifetime oscillations and shortening are observed in the presence of a metal coating [92; 93] , a near-field probe tip [94] or a metal nanoparticle [95] . For the sub-λ distances relevant here, non-radiative energy transfer from the excited molecule to the metal offers an alternative decay path for excited-state relaxation. Distance-dependent surface quenching by a thin gold layer was used to measure fluorophore heights of dye-labeled microtubules [96] on the basis of the model by Chance, Prock, and Silbey (CPS model) that relates τ to the fluorophore height z [92] .
While the distance-dependent lifetime quenching is strong for metal, only a small effect is observed on bare glass [86] . Also, other factors than surface distance interfere with molecular lifetimes, including the orientation [97] , RI [98] , solvent polarity, viscosity and by complex formation and collisions in the presence of nearby quenchers.
Other, more exotic ways for axially localizing particles and calibrating δ(θ) include interferometric, PSF-engineering-based, axially-structured illumination-based or multi-plane based axial super-resolution techniques (reviewed in [99] ), but these generally require considerably more complex instrumentation. Yet other approaches use not light but other physical parameters that are modified by the presence of an interface, e.g., the anisotropic diffusion near an interface [100] or the flow velocity gradient of particles moving under the influence of a rotating disk [101] to calibrate the EW decay.
In summary, experimenters dispose of a host of observables for estimating the axial intensity decay at or near a dielectric interface. In spite of a common quest for quantitative TIRF imaging, neither a consensual test sample, nor common metrics, nor an industry standard have emerged for calibrating evanescent-wave excited fluorescence intensities.
Instead, different labs have come up with their own customized solutions, making the comparison among studies difficult, if not impossible. In the now dominant prismless objective-type TIRF, the quantitative interpretation of TIRF intensities is problematic due to the co-existence of a localized, evanescent and a non-evanescent, long-range excitation component that has consistently been observed using different protocols [16; 17; 18] .
Furthermore, at the same beam angle and beam diameter, the same TIRF objective, used in conjunction with different illumination optics, will perform differently. It would thus seem important that the field agrees on a protocol for testing, evaluating and quantifying axial confinement in EW techniques. We propose the 'raisin cake' method for measuring the effective penetration depth in a However, to which degree of evanescent vs. non-evanescent light a fluorophore is exposed to, will depend on its very distance from the reflecting interface and, paradoxically, the contribution of non-evanescent light much exceeds the above percentages for z >> 0.
A simple protocol for interpreting, comparing, and sharing TIRF data
Our technique permits a reliable measurement of the effective axial confinement at the reflecting interface. However, all depends on the axial-localization accuracy of the beads, which in turn is a function of signal. The same protocol is applicable to fixed cells, in which small organelles are labeled (not shown). In this case, the density of labeled organelles has to be low to avoid the superimposition of fluorescent structures. Furthermore, the object size and their fluorescent intensity have to be fairly homogenous to avoid artifacts (see Appendix).
Conclusions
Prism-based TIRF can provide 'cleaner' and more uniform illumination as well as a higher-accuracy angular positioning, therefore it should be applied where the acquisition of an accurate intensity profile is of importance. Point-scanning TIRF (albeit slower) has slightly better lateral resolution than wide-field TIRF and can be combined with SAF detection to improve axial confinement.
Independent of the very geometry used, variety of EW-calibration technique exists, among which we recommend the simple, inexpensive and reproducible 'raisin-cake' technique.
• first, calibrate the polar beam angle θ, either by ray tracing through the illumination optical path or via triangulation after the passage of the beam through the objective;
• Use SAF refractometry with the same fluorophores you plan to use for TIRF imaging to get an idea of the average refractive index, <n 1 >, surrounding the label;
• Use polar beam angles not to close to the critical angle;
• Use θ-sweeps to study how different angles affect the TIRF image;
• Use azimuthal beam spinning TIRF to homogeneously illuminate the scene;
• Calibrate the effective penetration depth using the 'raisin cake' technique;
• Systematically report θ ± Δθ, <n 1 ± Δn 1 >, and the estimated δ ± Δδ;
• Combine TIRF excitation and vSAF detection for better optical sectioning;
• Discuss, how the uncertainty in δ and TIRF intensities affects your conclusions.
APPENDIX A: TIRF test-sample protocol
Sample preparation. Small droplets of a 1:4 dilution in water of 0.1-µm diameter Tetraspeck TM beads (Invitrogen) were deposited on a glass coverslip (BK-7, e.g., FisherScientific or Marienfeld) and allowed to dry, Fig. S1A . The bead surplus was flushed with water. In parallel, a solution of 0.5% low-melting point agarose solution (seaplaque GTG agarose, Lonza) containing 842 mM sucrose was prepared. Sucrose increased the RI of the solution to 1.375 to mimic the refractive index of cells [103] . The solution was heated to ~80°C in a water bath to melt the agarose. It was then kept at constant ~50°C. 5 µl of sonicated beads were transferred to a pre-heated Eppendorf tube to which 15 µl agarose/sucrose solution was added and thoroughly triturated with a preheated pipette. The now 20 µl of solution was pipetted onto the coverslip at the same location, topping the beads that were previously attached to the glass (Fig. S1B) . The agarose was allowed to polymerize. To speed up this step the coverslip can be placed on an ice-cold surface. Then, 1-2 ml agarose/sucrose solution (not containing beads) was slowly deposited on top of the bead-containing drop to achieve a thick layer of RI = 1.375. To obtain good results, it is important that this solution is maintained at a temperature just above the gelling point of agarose (~30°C) so that the small bead-containing drop already on the coverslip does not remelt when the large volume of agarose/sucrose solution is added.
Setup. The penetration depth was assessed on a commercial multi-angle objective-type TIRF setup (Visitron Systems, Puchheim, Germany) built around an IX83 inverted microscope equipped with an autofocus module, a UAPON100XOTIRF NA-1.49 objective (all Olympus). Precise focusing was achieved with the motorized focus (Δz = 10 nm). The beam of a 488-nm 100-mW laser was directed into the iLAS 2 beam scanning system (Gataca Systems, France) allowing (θ,φ) scans. Fluorescence was collected through the same objective, extracted with a ZT405/488/561/640rpc multi-band dichroic, a ZET405/488/561/640rpc multi-band emission filter (both from Semrock) and detected on an Evolve-EM515 EMCCD camera (Photometrics). All setup components were controlled by VisiView (Visitron Systems GmbH). The resulting pixel size in the sample plane was 160 nm. Typical integration times were 100 ms at gain 1 and an EM gain of 200 abitrary units.
Data analysis
Images were analyzed with imageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2014). Fitting and further analysis of the data was performed with IGOR PRO software (Wavemetrics, Lake Oswego, OR, USA).
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The authors declare no conflict of interest. . Middle, for θ exceeding the critical angle, θ c =asin(n 1 /n 3 ), the beam is totally reflected at the interface and an inhomogeneous surface wave is generated in the rare medium (n 1 ). This 'evanescent' wave (EW) propagates along the surface (the Pointing vector, S, is oriented in +x direction for a beam impinging from the left, red arrow), and its intensity decays exponentially with axial (+z) distance from the reflecting interface, right, with a length constant ('penetration depth') δ of the order of 100 nm. (B), dependence of δ on θ, for λ = 488 nm, n 1 = 1.35, and for different substrate indices n 3 . The higher n 3 the smaller the critical angle θ c and the better the optical sectioning. For a typical borosilicate glass/cell-interface and a NA-1.45 objective, the maximally attainable angle θΝΑ limits the penetration depth to 73 nm (red dash). In this angle range, δ depends steeply on θ, demanding high precision and accuracy when adjusting θ. (C), dependence of θ c and δ ∞ on substrate index, n 3. The asymptotes of the critical angle θ c and limiting penetration depth δ ∞ for grazing incidence (θ à 90°), respectively, decrease monotonously with n 3 . Red line indicates n 3 = 1.52 (BK-7), as before. Here, the penetration depth is constant, and the illumination intensity is modulated between imaging and bleaching episodes. FIGURE S1. Method for fixing beads on and above a glass coverslip. Prior to the entire procedure a dash with a permanent marker pen was made on the upper face of the cover slip to facilitate focusing at the reflecting interface. Then, left, 1 µl of a 1:5 diluted solution of 0.1-µm diameter TetraSpeck TM was pipetted to the glass coverslip. Beads were left to dry so that they adhered to the glass. Subsequently, middle, 20 µl of agarose/sucrose solution again containing TetraSpeck TM beads at a 1:4 dilution was applied to the coverslip. The agarose was allowed to cool for polymerization. Right, the whole was topped with ~1.5 ml agarose/sucrose (n 3 = 1.375) solution previously kept at 35°C. After 10 min at 4°C the entire solution jellified. The result is a low-density carpet of beads attached to the coverslip, super-seeded with beads at different heights above the coverslip.
List of abbreviations

DNA
Oheim et al. Supplementary Figure S1 (i) (ii) (iii) (iv) A B C
